The 1/f noise of silicon nanowire biochemical field effect transistors is fully characterized from weak to strong inversion in the temperature range 100-300 K. At 300 K, our devices follow the correlated ⌬n-⌬ model. As the temperature is lowered, the correlated mobility fluctuations become insignificant and the low frequency noise is best modeled by the ⌬n-model. For some devices, evidence of random telegraph signals is observed at low temperatures, indicating that fewer traps are active and that the 1/f noise due to number fluctuations is further resolved to fewer fluctuators, resulting in a Lorentzian spectrum.
Silicon nanowire ͑NW͒ field effect transistors ͑FETs͒ with exposed channels have shown great sensitivity when used as chemical and biological sensors ͑bioFETs͒.
1-3 However, top-down fabricated devices have often exhibited degraded electrical performance, due to the exposed silicon surfaces and interface traps/defects at those surfaces. Due to the device geometry, traditional capacitance-voltage measurements for estimating interface trap densities become impractical. Instead, we rely on low frequency noise ͑LFN͒ measurements which provide a nondestructive and highly sensitive method of probing surface states. 4 Reports of LFN noise of nanowire devices usually focus on operation in the linear regime ͑strong inversion or accumulation͒. [5] [6] [7] However, the highest sensitivity of nanowire bioFETs is in the subthreshold regime. 8 Reports that characterize the noise from subthreshold to linear regimes usually conclude that the LFN follows the correlated number-mobility ͑⌬n-⌬͒ fluctuation model, [9] [10] [11] whereas some reports 12,13 model the noise in the different regimes separately. To fully characterize the 1/f noise of our Si NWs, we carried out measurements from weak to strong inversion at low drain bias and at different temperatures ͑100-300 K͒. We observe a change in the noise mechanism as the temperature is lowered, from the ⌬n-⌬ correlated model to the ⌬n model. At certain gate voltages, the 1/f spectra evolve into Lorentzian spectra, indicative of random telegraph signal ͑RTS͒ noise.
The silicon NW FETs were fabricated from silicon-oninsulator ͑Soitec͒ as outlined previously.
14 Devices were nominally 100 nm wide, with lengths varying from 1 to 10 m. The NW channels were defined by a wet orientation dependent etch using tetramethylammonium hydroxide, which we have shown yields better electrical characteristics and lower noise figures ͑e.g., Hooge parameter͒ compared to dry etching techniques. 14 The devices are used in the backgated configuration, where the gate voltage ͑V g ͒ is applied to the handle layer of the SOI wafer. The source-drain bias was kept constant at 0.1 V and the drain current ͑I d ͒ was fed into a current preamplifier ͑SRS 570͒ setup as a band-pass filter with cutoff frequencies at 0.03 and 1 kHz. The noise data was recorded using a DAQ card at 1000 samples/s and the spectral power density estimated using Welch's modified periodogram method 15 implemented in MATLAB. The temperature dependent measurements were carried out in a Janis Instruments variable temperature cryostat.
A typical measurement of the normalized noise power spectra for various gate voltages, from weak to strong inversion is shown in Fig. 1 . The spectra are clearly 1 / f ␤ with 0.8Ͻ ␤ Ͻ 1.2 as determined from a least-squares fit. For low gate bias voltages, the 1/f noise is small and becomes comparable to the noise floor at relatively low frequencies. 
where ␣ is the Coulombic scattering coefficient, 0 is the low-field mobility, C ox is the oxide capacitance per unit area, and S VFB is the flatband-voltage noise spectral density due to fluctuations in the interface charge. The flatband-voltage noise can be modeled as
where is the tunnel attenuation distance, N ot is the oxide trap density, and W is the effective channel width. For negligible correlated mobility fluctuations we expect S vg to be equal to the flatband-voltage noise density, but for appreciable values of ␣ and large number of carriers ͑i.e., operating in strong inversion͒, we expect a linear relationship between ͱ͑S vg ͒ and V g . We therefore investigate how well the data in Fig. 3͑a͒ fits the correlated ⌬n-⌬ model as temperature is lowered. For the measurement at 300 K in Fig. 3͑b͒ , the data confirm what we expect, with ͱ͑S vg ͒ directly proportional to V g . As the temperature is lowered to 250 K, the linear relationship becomes hard to resolve due to the scatter in the data points, but a linear least-squares fit gives an estimate of the dependence. For 100 K, the absolute noise magnitude is much larger as expected from previous observations and the direct proportionality between ͱ͑S vg ͒ and V g vanishes. Instead, the gate-referred noise increases as gate voltage is decreased. In this regime, the correlated mobility fluctuations have been completely suppressed and what we observe is the gate voltage dependence of the carrier number fluctuation noise, or in other words the gate voltage dependence of the interface trap density. The calculated slopes correspond to ␣C ox 0 ͱ͑S VFB ͒. Both the mobility and the flatband-voltage noise density have slight temperature dependence from 300 K down to 250 K. Accounting for this, it is determined that the scattering coefficient ␣ decreases as the temperature is lowered, from 1.9ϫ 10 4 V s/ C ͑at 300 K͒ to 96 V s/C ͑at 250 K͒.
For devices where a large number of trapping/detrapping events are involved, the superposition of multiple Lorentzian   FIG. 4 . ͑Color online͒ Evolution of the normalized noise power spectral density from room temperature ͑300 K͒ to 120 K for certain devices. At certain gate voltages and at low temperature ͑120 K͒, only a few traps are active and contribute to the noise spectrum, which consequently changes from a 1/f spectrum ͑with the dotted line representing a 1/f least-squares fit͒ to a Lorentzian superimposed on a 1/f trend at low frequencies ͑with the solid line representing a least-squares fit yielding a corner frequency of 25 Hz͒.
FIG. 2.
͑Color online͒ Normalized drain current noise amplitude at f=1 Hz ͑A͒ is plotted against drain current ͑I d ͒. Measurements at room temperature 300 K compared to the ͑g m / I d ͒ 2 curve clearly indicate that the device follows the correlated ⌬n-⌬ noise model. For measurements carried out at 100 K, the noise amplitude is consistent with a carrier number fluctuation noise ͑⌬n noise͒ model as indicated by the change in slope ͑com-pared to 300 K data͒ in the strong inversion region.
FIG. 3. ͑Color online͒ ͑a͒
The data show the gradual change of the slope in the strong inversion regime as temperature is lowered at T = 300, 250, and 100 K, respectively. The data points for 250 and 100 K have been scaled for easier visualization of the change. ͑b͒ The data are fitted using the correlated ⌬n-⌬ noise model, confirming the change in the noise generating mechanism as the temperature decreases. The Coulomb scattering coefficient, ␣, is also extracted from linear fits to the data at 250 and 300 K. The fit to the data at 100 K clearly indicates that the correlated model is no longer valid at that temperature. spectra ͑signature of a two level random telegraph signal͒ results in 1/f-type spectra. 19 However, for certain combinations of gate bias and temperature, only a few traps are involved in the carrier number fluctuation and we are able to decompose the 1/f spectra into its constituent Lorentzian components. 20, 21 Figure 4 explicitly shows the evolution of the 1/f spectrum at room temperature to a Lorentzian curve superimposed on a 1/f spectrum, as temperature is lowered to 120 K. The primary effect of the decrease in temperature is to reduce the number of traps which are thermally accessible, resulting in a noise spectrum originating from a few fluctuators only. 1/f noise is still present for frequency values much less than 25 Hz, but the roll-off at approximately 25 Hz and the subsequent 1 / f 2 dependence clearly indicates the superimposed RTS power spectra.
In this report, we have investigated the LFN behavior of NW FETs used for sensing applications. At room temperature the devices are shown to follow the correlated numbermobility fluctuation model with noise spectra that show a 1/f dependence even in subthreshold. As the temperature is lowered, we observe a suppression of the correlated mobility fluctuations, yielding a pure carrier number fluctuation noise.
For even lower temperatures, the LFN noise is decomposed even further to a few carrier number fluctuators, which give rise to a Lorentzian power spectrum instead of 1/f spectra. 
